Association of magnesium whitlockite crystals with lipid components of the extracellular matrix in human articular cartilage  by Scotchford, C.A. & Ali, S.Y.
Osteoarthritis and Cartilage (1997) 5, 107-119 
~: ~997 Osteoarthritis Research Society 1063-4584/97/020107 + 13 $12.00/0 
~_ .  
RTHRITIS 
and 
CARTILAGE 
~}~A~so'eiation f  magnes ium whi t lock i te  crysta ls  wi th  lipid components  
........ o f  the ext race l lu lar  matr ix  in human art icu lar  car t i l age  
BY C. A.  SCOTCHFORD* AND S. Y.  ALI  
~ute  of Orthopaedics, University College London Medical School, Royal National Orthopaedic Hospital 
~ck ley  Hill, Stanmore, Middlesex HA7 4LP; and *Department of Human Morphology, University of 
Nottingham Medical School, Queen's Medical Centre, Nottingham NG7 2UH, U.K. 
Summary 
Several basic calcium phosphate mineral phases have been reported to be associated with osteoarthritis 
joint disease. Magnesium whitlockite crystal deposition has been reported in both osteoarthritic and 
normal human articular cartilage. Existing data suggest hat likely prevailing conditions within 
cartilage would not support de novo whittockite formation. It would appear, therefore, that additional 
factors must be extant at sites of crystal deposition. In this study normal articular cartilage specimens 
were examined for the presence and distribution of lipids relative to crystal deposition within the 
extracellular matrix. Specimens were examined using light and transmission electron microscopy 
(TEM), with standard processing protocols plus a malachite green-glutaraldehyde-osmium tetroxide 
(MGO) method, used to retain lipids normally removed from tissues during preparation for electron 
microscopy. Elemental maps of sections produced using this method were also made using X-ray 
microanalysis. Positive oil red O staining for lipid was Clearly apparent immediately below and parallel 
to the articular surface of cartilage specimens using light microscopy. The extent and distribution of 
staining correlated well with the distribution of crystals, observed by TEM, in sections of tissue from 
adjacent sites of the same specimens. Using standard TEM, crystals were frequently observed scattered 
amongst intramatrical lipidic debris, particularly pericellularly, in areas of cell necrosis and amongst 
close packed tangential fibers between the articular surface and initial superficial zone chondrocytes. 
Cartilage specimens processed using the MGO method demonstrated electron dense features, not 
apparent using standard techniques, identified as lipid. Such extracellular lipid deposition varied with 
depth, with 100nm globular bodies present in the superficial region, where colocalization of crystals and 
lipid were observed in about 10% of crystal observations. The association of lipid and crystal deposition 
is discussed in the context of phospholipid associated mineral formation and the potential role of such 
magnesium whitlockite deposition assessed. 
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Introduction 
BASIC calcium phosphate (BCP) crystals, including 
hydroxyapat i te,  carbonated apat ites and octocal- 
Cium phosphate,  have been reported in human 
art icular  and  per iar t icu lar  t issue and associated 
with degenerat ive jo int  disease [1-4]. 
BCP crystals, recent ly  identif ied as magnesium 
whit lockite [5], have been reported as deposit ions 
in osteoarthr i t ic  and elderly normal  femoral  head 
art icular  cart i lage [6,7] and more recently,  in 
normal femoral  head art icu lar  cart i lage from a 
range of jo int  sites across a broad pat ient  age 
spectrum [8,9]. The role of these crystals remains 
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to be determined: identi f icat ion of the crystals 
mineral  phase enabled compar ison of the physical  
condit ions required for thei r  deposit ion, with those 
expected within cart i lage. The avai lable data  
suggested, that  l ikely prevai l ing condit ions with in 
cart i lage would not support  de novo whit lock i te  
formation. It would appear,  therefore,  that  ad- 
dit ional  factors must be extant  at sites of crystal  
cIeposition. 
Several  organic components  have been associ- 
ated with the control  of mineral  format ion in 
var ious calcified tissues, either as promotors  or 
inhibitors.  These include extracel lu lar  matr ix  
(ECM) vesicles, col lagen fibrils, proteoglycans,  
phos-pholipids and enzymes including a lkal ine 
phosphatase.  
The associat ion of regions of low proteog lycan 
distr ibut ion with crystal  deposit ion is inconsist-  
ent. The reduct ion in safranin O stain ing in 
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108 Scotchford and Ali: Mg whit lockite and lipid in cartilage 
cartilage sections from elderly patients is more 
extensive than the narrow band of crystal 
deposition [10]. Crystal deposition is also apparent 
in young specimens where proteoglycan aggrega- 
tion is reportedly high [11]. In deeper tissue, 
crystals frequently occur in a pericellular distri- 
bution, an area rich in proteoglycan [12]. Whilst 
proteoglycans are clearly potent inhibitors of HAP 
formation and growth, and hence, may be a factor 
in the regulation of whitlockite crystal formation 
they would not appear to be the prime determinent 
of crystal deposition. 
Alkaline phosphatase activity has been shown to 
be extremely low in normal articular cartilage 
from elderly individuals but activity is high in 
osteoarthritic articular cartilage [131~14]. In normal 
specimens the enzyme was restricted to hypertro- 
phic chondrocytes and associated matrix vesicles 
within 40~tm of the tidemark. Rees and Ali [14] 
reported that chondrocytes and vesicles in the 
middle and superficial zones of articular cartilage 
did not show alkaline phosphatase activity. Using 
the same technique similar results were obtained 
with cartilage specimens containing crystal depo- 
sition [10], suggesting no co-localization of regions 
of alkaline phosphatase activity and crystal 
deposition. 
Matrix vesicles have been implicated as sites of 
initial mineral formation in epiphyseal cartilage 
and osteoid [15,16]. They are identifiable in their 
own right, using TEM, by size and morphological 
characteristics [17], but also contain notable 
alkaline phosphatase activity, a feature that has 
been used as a biochemical marker [18,19]. 
Alkaline phosphatase, an isozymic membrane 
bound glycoprotein, has long been associated with 
mineralization, its precise mode of action remains 
unclear [20]. Lipids have been associated with 
pathological mineral deposition in articular carti- 
lage [21,22]. Phospholipids, in particular the acidic 
phospholipids, phosphatidylserine and phosphati- 
dylinositol have been implicated in initial mineral 
formation [23], and more recently, also in the 
regulation of crystal growth [24]. Proteoglycans 
have been shown to inhibit HAP formation and 
growth in vitro [25,26] and observations alluding to 
similar events occurring in vivo have been made 
[11,27]. 
Previous studies of 'cuboid' crystals and similar 
depositions have variously described crystal depo- 
sition to be associated with matrix vesicles, cell 
debris and intramatrical lipidic debris [6,7,28,29]. 
Identification of the organic component in each 
case was based on TEM observations only, and 
it has been suggested that such descriptions 
may be interchangeable [30]. No study has been 
undertaken to determine the nature of such crystal 
associated ebris and it remains unclear whether 
such structures are present at all sites of 
deposition. 
In this study it was decided to examine articular 
cartilage specimens for the presence and distri- 
bution of these lipids relative to magnesium 
whitlockite crystal deposition within the ECM. 
This was considered to be an initial step in the 
investigation of the mode of crystal formation. 
Standard TEM was used to examine the associ- 
ation of the intramatrical lipidic debris described 
above with crystals and the ultrastructural detail 
of this material. More specific methods employed 
for the identification of individual components are 
outlined here. 
The Oil red O:method of Lillie and Ashburn [31] 
provides a precise, intense red positive stain for 
lipids and has' been used on cartilage with 
favorable results in earlier studies [32]. 
Standard protocols of tissue preparation for 
TEM tend to leach o,ut lipids [33]. Recently fixation 
with glutaraldehyde ~and malachite green (a water 
soluble weakly basic diaminotriphenylmethane 
dye) has been proposed as a method of permitting 
retention of such lipids during fixation [34]. 
Malachite green appea~ to bind to hydrophilic 
phospholipids [35,36]. Osmium tetroxide fixation 
is required for visualization of lipids preserved 
by this method, producing electron dense com- 
plexes apparent on examination by TEM. This 
method has been used to study malachite green 
retained material in several studies of cells and 
tissues including spermatozoa, dentin and bone 
nodules [34,36-38]. 
Mater ia l s  and  methods  
SPECIMENS 
Articular cartilage specimens were taken from 
either normal femoral head articular cartilage 
resected ue to tumor located distant to sampled 
cartilage, or fracture of femoral neck, unless 
otherwise stated. 
In all cases full-depth blocks of articular 
cartilage, plus subchondral bone, were taken from 
sample sites. Specimens were generally obtained 
within 20 min of resection. Normal femoral head 
articular cartilage samples were taken from the 
superior, inferior and, in a number of cases, 
anterior and posterior aspects. Specimens were 
divided for wax embedding and freezing for 
histology, and resin embedding and freezing 
for electron microscopy. All tissue remained 
undecalcified. 
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HISTOLOGY 
Wa~x processing and histology 
~ssue samples were fixed in 10% formalsaline 
:: '~  ~ minimum of 48 h. Samples were processed in 
~ichert~i:~ automatic tissue processor before 
~dding in wax. 
iiii~is~ologically serial sections were cut, at 7 ~m 
:~kness ,  on a Leitz base sledge microtome and 
:"~: e stained with Ehrlichs hematoxylin and 
~: ;  
~osm. 
Cryo-processing and histology 
~i l -depth  tissue samples were orientated in 
"cry~m-bed" cryomountant (TAAB Laboratories, 
~idermaston, U.K.) on 15 mm diameter cork discs, 
~!unge frozen i  liquid nitrogen and stored at 
70°C.  Samples were brought to -20°C and 10pm : 
~ectlons were cut on a Bright cryostat and 
~l tected onto subbed slides [39]. 
Oil red 0 staining 
Frozen sections (10pm) collected on uncoated 
si~des were floated off the slides into distilled water 
before staining with freshly filtered oil red O 
(Raymond A Lamb, London, U.K.) in 60% 
isopropanol (Merck, Poole, U.K.) [31] for 15min in 
a closed container. The unmounted sections were 
then taken through 60% isopropanol and washed 
in distilled water before counterstaining with 
Mayer's hematoxylin for 2 min followed by 
'blueing' in tap water. Sections were picked up 
onto uncoated slides and mounted in glycerine 
jelly (Raymond A. Lamb, London, U.K.). 
A l l  sections" were examined and photographed 
using an Olympus BH2 photomicroscope. 
TEM 
Standard resin processing 
Tissue samples were subdivided to full-depth 
blocks approximately I mm in the remaining two 
dimensions. A small amount of subchondral bone 
was left attached to minimize tissue distortion 
during processing [30] and facilitate easy tissue 
orientation. The tissue blocks were fixed for 2-4 h 
in 1.5% glutaraldehyde (Agar Scientific, Stansted, 
U.K.) in 0.085 M sodium cacodylate buffer (pH7.4) 
(Merck, Poole, U.K.). Specimens were then washed 
in three changes of 0.085 M sodium cacodylate 
buffer containing 0.2M sucrose (pH7.4) (wash 
buffer). The tissue blocks were then divided and 
half the blocks underwent secondary fixation with 
1% osmium tetroxide (Agar Scientific, Stansted, 
U.K.) in 0.085 M sodium cacodylate for 90min at 
room temperature. Buffer washing was repeated 
and all tissue blocks were  dehydrated through a 
graded alcohol series. Specimens were transferred 
to propylene oxide (Agar Scientific, Stansted, 
U.K.) for 30rain before infiltration with a 1:1 
propylene oxide:Araldite CY212 resin (Agar 
Scientific, Stansted, U.K.) mixture for I h, followed 
by infiltration in neat CY212 resin under vacuum 
(150mbar) overnight, and embedding in fresh resin 
at 60°C for 48 h. CY212 resin was mixed according 
to the manufacturers instructions with the omis- 
sion of methyl phthalate (plasticizer). 
Glutaraldehyde-Malachite gr en-Osmium 
tetroxide fixation 
Blocks of full-depth articular cartilage, approxi- 
mately lmm in two dimensions were taken from 
the superior egion of freshly resected femoral 
heads and fixed in 2% glutaraldehyde-0.1% 
malachite green (Gurrs, London, U.K.) buffered in 
0.085M sodium cacodylate (pH7.4) at 4°C for 12h 
[35]. Samples were buffer washed for 3×10min 
then post fixed in 1% osmium tetroxide for 
90min; processing was completed as for the 
standard technique. Controls were processed 
normally without malachite green. 
Ultrathin sections were cut with diatome 
diamond knives (Leica, Miton Keynes, U.K.) using 
a Reichert Ultracut E ultramicrotome (Leica, 
Milton Keynes, U.K.) and floated onto 0.085M 
sodium cacodylate buffer before collection onto 
G200 HS copper grids (TAAB Laboratories, 
Aldermaston, U.K.). Where necessary the grids 
were precoated with 0.45% piolform (Agar 
Scientific, Stansted, U.K.) in chloroform (Merck, 
Poole, U.K.). If required, ultrathin sections were 
stained on drops of aqueous saturated uranyl 
acetate (Agar Scientific, Stansted, U.K.) for 
10rain at room temperature followed by lead 
citrate for 5min at room temperature in the 
presence of sodium hydroxide pellets (Merck, 
P~oole, U.K.). All ultrathin sections were examined 
and photographed using a Phil ips CM12 
transmission electron microscope operatingat 
80 kV. 
ELECTRON PROBE X-RAY MICROANALYS IS  
Unstained, non-osmicated, sections were exam- 
ined using a Philips CM12 transmission electron 
microscope with an EDAX PV9800 KRMA system. 
Spectra were recorded at 100kV for 200 live 
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seconds with a tilt angle of 20 °, giving a total 'take 
off angle of 40 ° . The electron probe size was 
selected to encompass individual crystals and was 
never greater than 200 nm diameter, a 70 nm 'top 
hat' condenser aperature was used to minimize the 
background effect of X-rays generated higher in 
the column from reaching the specimen area. 
Calcium:phosphorus ratios were calculated using 
the quantitative analysis of thin sections oftware 
package (EDAX PV9800) based on the ratio model. 
Elemental maps were produced using the 
external beam image deflection (EBID) unit with 
the SEM software package (EDAX PV9800) under 
the same operating parameters as described above. 
Defined areas of 100 nm sections were scanned 
with a 20 nm diameter probe across a 256x200 
pointmatrix, with a dwell time of l s per point. 
Resu l ts  
Normal femoral head articular cartilage was 
classified as either type I or type II [40]. Light 
microscopic observation of normal femoral head 
articular cartilage samples stained with 
hematoxylin and eosin demonstrated well- 
organized tissue with flattened chondrocytes in the 
superficial zone below a nonfibrillated articular 
surface, evenly spaced rounded chondrocytes in 
the deeper tissue and no indication of crystal 
deposition in the matrix [Fig. l(a)]. 
In unstained ultrathin sections of articular 
cartilage xamined by TEM, the crystals were seen 
in sharp contrast o the surrounding tissue due to 
their high electron density relative to the 
-unstained organic matrix [Fig. l(b)]. Crystals 
frequently exhibited arhomboid to square shape in 
section, suggestingT{~ cuboid morphology when 
projected to three dimensions. They ranged in size 
from 50-500 nm along any one axis. No evidence of 
a limiting membrane was observed surrounding 
crystals. Ovoid .type crystals, of similar size and 
electron density: to the cuboid crystals were also 
observed. 
OIL RED O STAINING 
The bright red positive stain for lipid [31] was 
most clearly observed immediately below, and 
FIG. 1. Normal full-depth femoral head articular cartilage (89 years) stained with hematoxylin and eosin (a). The 
articular surface appears mooth, below which, flattened superficial zone chondrocytes are present, in the deeper tissue 
chondrocytes appear ounded. No evidence of crystal deposition is apparent in the matrix. An electron micrograph 
of superficial zone articular cartilage from the superior egion of the same femoral head, demonstrates the typical 
distribution, size range and morphology ofmagnesium whitlockite crystals in human articular cartilage (b) (Unstained 
section). 
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FIG. 2. Oil Red O staining of femoral head articular cartilage sections. Elderly articular cartilage from the superior 
(a) and inferior (b) regions of the femoral head (87 years) (counterstained with Mayer's hematoxylin). A strong positive 
stain can be seen immediately below the articular surface, whilst the xtracellular matrix (ECM) below remains clear. 
The positive Oil red O stain is seen as a narrow band below the articular surface, with a close pericellular distribution. 
Intracellular lipid droplets are also observed with a positive stain (arrow) (a). An electron micrograph of the superficial 
zone articular cartilage (e), from the same site as that shown in (a) shows crystals in the ECM below the articular 
surface and in a pericetlular distribution. Young adult articular°cartilage (12 years) from the superior (c) and inferior 
(d) region of the femoral head (counterstained with Mayer's hematoxylin). A narrow, broken band of positive staining 
is present immediately below the articular surface in the superior specimen whilst no evidence of positive staining 
in the ECM is present in the inferior specimen. The positive stain seen in (c) forms a narrow patchy band below the 
articular surface. An electron micrograph of the superficial zone articular cartilage, from the same site as shown in 
(c) shows crystals in the ECM immediately below the articular surface (f). 
paral le l  to, the ar t i cu la r  surface (Fig. 2). At 
low magni f icat ion,  s ta in ing in some spec imens 
appeared as a cont inuous  band.  H igher  magni-  
f ication revea led  intra-  and ext race l lu lar  sta in ing.  
In t race l lu lar  s ta in ing was rest r ic ted to discrete, 
densely stalning,  l ipid droplets w i th in  the cyto- 
p lasm and occurred in chondrocytes  th roughout  
the depth of the t issue (Fig. 2). The f requency of the 
droplets was greater  in specimens f rom older 
pat ients.  In the ECM, s ta in ing was s l ight ly  less 
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intense and extended to one or two cells depth in 
the superficial zone. Within this region staining 
was observed as patches extending across inter- 
territorial  areas of ECM and pericellularly (Fig. 2). 
Focal areas of increased staining intensity were 
observed randomly within these patches and adja- 
cent to the apices of superficial zone chondrocytes 
(Fig. 2). Such areas contained structural features 
consistent with the location and extent of 
intramatrical  debris observed by TEM. Positive 
staining was abundant in both superior and 
inferior sections of specimens from elderly patients 
in which crystal deposition had been demonstrated 
by TEM. In young specimens (12 years) positive 
staining was clearly observed in superior egions 
(Fig. 2); however, staining in the inferior regions 
FIG. 3. Crystal deposition associated with intramatrical lipidic debris. (a) Superficial zone chondrocyte with 
pericellular lipidic debris (D). Crystals (C) are present in close association with the debris as well as the extracellular 
matrix (ECM) above the chondrocyte (43 years). (b) A focal area of intramatrical lipidic debris (D), possibly derived 
from chondrocyte necrosis, in superficial zone articular cartilage. Crystal deposition (arrows) is concentrated within 
this area. The surrounding ECM shows relatively sparse crystal deposition (metacarpal, 62 years). (c) Intramatrical 
lipid deposition (D) in superficial zone articular cartilage. Crystals present within this area are larger and at a higher 
density than in surrounding ECM (Carpal, 19 years). (d) Pericellular distribution of intramatrical lipid debris (D) in 
deep zone articular cartilage. Crystal deposition (arrows) is present within the area of debris, but not in the 
surrounding ECM (81 years). 
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FIG. 4. Focal distribution of lipidic structures (L) in intermediate zone, articular cartilage xtracellular matrix. Crystal 
deposition (C) is apparent within this area (a), and fine mineral deposition is present within the outline of one lipid 
structure (b). XRMA spectrum generated from the crystalline deposit (c); the spectrum is consistent with those 
generated from magnesium whitlockite crystals (85 years). 
was much less distinct, not being detected in 
sections from the specimen that registered the 
lowest crystal ,deposition density in a previous 
study [8] (Fig. 2). The extent and distribution of 
staining correlated well with the distribution of 
crystals, observed by TEM, in sections of tissue 
from adjacent sites of the same specimen (Fig. 2). 
No staining was observed on any of the cut edges 
of tissue sections, indicating the staining was not 
an 'edge' effect artefact. 
STANDARD TEM 
Crystal distribution within the ECM has been 
described previously [8]. Here the relationship 
between crystals and matrix components, observed 
by TEM is described in more detail. 
Crystals with a pericellular distribution 
[Fig. 3(a)], or those present at the sites of cell 
necrosis [Fig. 3(b)] were frequently associated 
with, or scattered amongst, intramatrical lipidic 
debris of a membranous or amorphous nature. 
Stwh structures, although variable in size, 
particularly at sites of necrosis, frequently fell 
within a 100-500nm range. Similar bodies were 
also observed in the ECM amongst the close 
packed tangential collagen fibrils between the 
articular surface and the initial superficial zone 
chondrocytes [Fig. 3(c)], an area commonly 
associated with crystal deposition. 
The association of crystals and intramatrical 
debris extended to deeper layers o f  cartilage, 
occurring in association with two recognizable 
matrix features: first, pericellularly to chondro- 
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cytes [Fig. 3(d)] and second, associated with 
chondrocyte necrosis. Amorphous and mem- 
branous debris were commonly observed at 
both locations, surrounding deposited crystals 
with an environment of structures of variable 
size and electron density. Crystals could not 
be attributed to any characteristic structure, 
although these areas were clearly delineated 
within the ECM and crystal deposition appeared 
similarly restricted. Globular structures approxi- 
mately 100nm in diameter, with evidence of a 
laminated structure and variable electron density 
in unstained sections were observed in three 
specimens (Fig. 4). The densest of the structures 
observed appeared crystalline, w~ith an XRMA 
spectrum and calcium to phosphorus ratio that 
was consistent with those of 'cuboid' crystals. 
At one site signals for calcium and phosphorus 
were detected in very small needle-like lectron 
densities situated within and aligned with 
the apparent laminar structure of one deposit 
(Fig. 4). 
Crystals were also observed in association with 
less common features within the ECM. In two 
specimens, crystals were observed in close 
proximity to large extracellular lipidic debris 
approximately l~m in diameter (Fig. 5). Giant 
collagen fibrils were also observed as focal 
disruptions within the ECM (Fig. 5). At one site 
these were associated with the type of lipid 
deposits described above (Fig. 5). These fibrils 
appeared to arise from the coalescence of 
numerous normal fibrils. In longitudinal section 
the periodic banding of the giant collagen fibrils 
was in register (FIR. 5). Such fibrils were randomly 
oriented and observed in the mid-zone, away from 
the tidemark. 'Cuboid' crystal deposition was 
again observed at such sites with the extent of 
deposition restricted to the area of matrix 
abnormality (F~g. 5). Whorls of crystals appearing 
FIG. 5. A 'microscar' in deep zone articular cartilage. Crystal deposition (C) is focussed within this area ( ) in 
association with lipid debris (D) and amianthoid fibres (A) (b). Apatite-like needles (arrow) and 'cuboid' crystals are 
present within the microscar area (c) (Radial head, 19 years). 
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FIG. 6. Malachite green-osmium tetroxide staining. Superficial zone extracellular matrix (ECM) of articular 
cartilage (a). Crystals (C) and electron dense lipidic debris (D) are clearly apparent in the ECM, in contrast with an 
adjacent sample processed using the standard method (b). Chondrocytes how electron dense lipid deposits, and 
pericellular electron dense lipidic debris is apparent in the ECM (c). Crystals are observed in close association with 
electron dense lipidic debris (d) (30 years). In the superficial zone small electron dense lipidic debris are scattered 
throughout the ECM (e). In deeper zones, larger, more sparsely distributed electron dense lipidic d~bris is apparent 
(f) (30 years). 
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needle shaped in thin section were also observed in 
close proximity to 'cuboid' crystals. These aggre- 
gates appeared to center upon amorphous 
structures within the matrix (Fig. 5) and contained 
calcium and phosphorus. Similar structures were 
also noted in the superficial zone of one specimen 
(16 years). 
GLUTARALD EHYDE- -MALACHITE  
GREEN- -OSMIUMTETROXIDE F IXAT ION 
Tissue fixation by this method proved 
satisfactory, although chondrocyte ultrastructure 
was slightly less well preserved than that achieved 
with the standard processing technique. Ultrathin 
sections processed using the n~'alachite green 
method demonstrated electron dense features not 
observed in sections from tissue processed by 
standard techniques (Fig. 6). These were most 
obvious in unstained sections, contrasting sharply 
with surrounding tissue. The electron dense 
features interpreted as lipid deposits were present 
both intracellularly and within the ECM. 
Intracellular deposits were consistent with 
previous observations of lipid droplets, although 
not all droplets exhibited strong electron density, 
whilst some showed mixed density (Fig. 6). 
Extracellularly the distribution of the lipidic 
bodies varied with depth in the tissue. In the 
superficial region, the bodies appeared globular or 
ovoid approximately 100nm in diameter and 
occurring at freqfient intervals in the matrix 
amongst tangentially orientated collagen fibrils 
(Fig. 6). Co-occurrence of crystals and the slightly 
less electron dense lipidic bodies was noted in 
approximately::10% of crystal observations (Fig. 6); 
the observation of both crystals and lipid bodies 
occurring separately being more frequent. In the 
jill 
p 
FIG. 7. XRMA maps of an area of superficial zone articular cartilage (a), for calcium (b) and phosphorus (c) show the 
distribution of crystals (C) and lipidic debris (D) (30 years). 
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~mediate, mid- and deep-zones similar electron 
i~'~ ~s  were apparent, although the distribution 
~ !!::~ifferent'i The deposits were larger, up to 
~fc i :~f id  appeared multilobular (Fig. 6). The 
d i~ i i~ti0n within the matrix was clearly sparser, 
~it~:: ~le~tat ions along collagen fibrils noted. That 
~s  ~ot a diffusion artefact was indicated by 
~~'d iS t r ibut ion  at the cut edges of mid- and 
el tissue. Elemental maps of ultrathin 
!~ i~ns i  ~rocessed using malachite green demon- 
~ s~ong ohosphorus ignals associated with 
~::~:~d::~eposits, no such signals were generated 
. . . 
~i0~parable regmns of ECM in sections of 
: :~m:  adjacent sites processed using the 
:i: !~d '  technique (Fig. 7). 
Discuss ion  
formation of bone mineral has been 
~oc ia ted  with components of the ECM, with 
~3~h supporting evidence from ultrastructural 
~ '~rvat ion .  The precise mechanism is subject to 
but most workers agree that matrix 
and/or collagen fibrils, depending on 
location, are integral in heterogenous 
~ l~at ion  of the initial mineral phase [41-44]. No 
g!pecific association with recognizable ultrastruc- 
~a l  features was observed in this study. This 
differs from reports by All and colleagues [6,28], 
who describe matrix vesicles associated with 
e~ystals in OA cartilage, and Stockwell [7], who 
describes matrix vesicle-like structures amongst 
cell debris associated with crystals in normal 
a~ticular cartilage from elderly patients. The 
~eport by Ghadially and Lalonde [29], describing 
intramatrical lipidic debris associated with 
calcified bodies in human semilunar cartilages, is 
more consistent with the present study. The only 
apparent common ultrastructural ssociation was 
with mixed amorphous and membranous material 
described previously as intramatrical lipidic debris 
[30]. This might be expected, as matrix vesicles are 
considered to be extracellular organelles gener~ 
ated, certainly in epiphyseal cartilage, by a 
controlled cellular process [23] and charged with a 
variety of phospholipids and enzymes consistent 
with their proposed function of heterogenous 
mineral nucleation [18,45,46]. It would appear 
improbable that they would be present at the 
variety of crystal deposition sites; less specific 
membrane fragments and lipidic debris would be 
easier to envisage. 
The association between intramatrical lipidic 
debris and crystal deposition is strengthened by 
observations of crystal deposition away from the 
superficial zone. In the intermediate and deep 
zones crystal deposition was restricted to necrotic 
cell debris, intramatrical lipidic debris both peri- 
cellular and in more remote matrix, and associated 
with the rare observation of giant collagen fibrils 
or amianthoid fibres [30]. Amianthoid fibres have 
been reported as rare occurrences in aged and 
fibrillated tissue, filling dead cell spaces and 
effectively forming microscars [30]; similar giant 
collagen fibres have also been reported in areas of 
matrix degeneration and HAP deposition in 
osteoarthritic articular cartilage [21]. Because 
intramatrical lipidic debris is also considered to be 
the product of chondrocyte necrosis [30] it would 
appear that crystal deposition, at least away 
from the superficial zone, is associated with 
chondrocyte necrosis. This would suggest the 
co-occurrence of amianthoid fibres and crystals is 
not sequentially related, but a consequence of 
cellular degeneration. 
Intramatrical lipid has been associated with 
pathological deposition of apatite and CPPD in 
previous ultrastructural studies of articular 
cartilage [21,22]. The observation of oil red O 
staining for lipid in the ECM, as a fine band 
immediately below the articular surface, is a 
documented feature of normal articular cartilage 
[32,47]. Lipid forms about 1% wet weight of 
articular cartilage [32]. Diffuse lipid in the 
superficial zone ECM is commonly present by the 
third decade, although it is infrequent and minimal 
in childhood and adolescence [47,48]. Bonner et al. 
[49] showed that in the superficial 0.5-1mm layer, 
total lipid increases between the ages of 15 and 66 
years to a far greater extent han in deeper cartil- 
age. It has been shown that this superficial zone 
deposition reacts histochemically for phospholipid 
and neutral ipid [48]. The apparent co-localization 
of the Oil red O stain and crystal distribution, 
notable for both matrix location and differences in 
extent with age is interesting in that Ghadially [30] 
suggested that components of the intramatrical 
lipidic debris, thought to be responsible for the 
staining in this study, become sites where calcium 
salts are deposited in menisci [29] and deeper 
~ormal articular cartilage [6,14]. 
A probable indentification of the Oil red O stain- 
ing component and its association with crystal 
deposition has been provided by TEM examination 
and elemental mapping of tissue fixed using the 
glutaraldehyde-malachite green-osmium tetro- 
xide fixation method. The dense globular bodies 
observed in sections from tissue processed by this 
method are Considered to be phospholipid. This is 
supported by the phosphorus ignal generated by 
them and observation of similar dense bodies found 
in bone nodules grown in vitro [36]. 
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The acidic phospholipids phosphatidylserine 
and phosphatidylinositol have been closely 
associated with HA formation at a number of 
physiological sites, including matrix vesicles in the 
epiphyseal growth plate [23], collagen fibres in 
dentine mineralization [37] and type I collagen in 
other mineralizing tissues [50]. That these 
phospholipids may be involved in whitlockite 
formation has been implied by Boskey and 
colleagues [51]. 
If the restriction of fine abundant globular 
bodies to the superficial zone is significant in 
relation to crystal formation, it may be expected 
that interaction of these matrix components would 
be observed. From multiple observat~ions of both 
features it was observed that they were commonly 
in excess of 100nm, the thickness of the sections. 
Therefore, apparent co-localization of one with 
another would suggest that physical interaction is
a real observation. That such observations are 
limited to approximately 10% of crystal encounters 
would not rule out a role for such deposits in 
crystal formation. For example matrix vesicles are 
recognized as the site of initial mineral formation 
in epiphyseal cartilage and yet by TEM obser- 
vation the proportion of uncalcified vesicles and 
mineral spherulites throughout the depth of the 
growth plate is far in excess of recognizable matrix 
vesicles containing identifiable crystals. 
From this preliminary investigation, lipid would 
appear to be a likely ECM component to act as a 
nucleating agent for the formation of whitlockite 
crystals. Membranous lipidic debris are present in 
all areas of crystal deposition, this observation 
being enhanced in glutaraldehyde-malachite 
green-osmium tetroxide treated specimens. If it is 
accepted that this technique is specific for 
phospholipids [34,36] the case for lipid mediated 
nucleation is strengthened further; however, 
anomalies till remain in the form of the sparsely 
distributed large multilobed deposits in deeper 
cartilage of malachite green treated specimens and 
the paucity of evidence of definite crystal- 
phospholipid interaction. Although proteoglycan 
does not appear to be primarily associated with 
crystal deposition, in areas of low proteoglycan 
concentration and high lipid deposition the 
reduction in its inhibitory potential should not be 
ignored. 
In conclusion it seems possible that the 
formation of magnesium whitlockite crystals in 
human articular cartilage is primarily associated 
with lipid, possibly phospholipid ebris within the 
ECM, deposition occurring where the local milieu 
is favourable. If this apparently opportunistic 
mode of crystal deposition is accepted, the 
potential of a physiological role for magnesium 
whitlockite crystals seems minimal, a role as an 
aggravator of pathological degeneration would 
seem more plausible [52,53]. 
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